A new computational model, kglobal, is being developed to explore energetic electron production via magnetic reconnection in macroscale systems. The model is based on the discovery that the production of energetic electrons during reconnection is controlled by Fermi reflection in large-scale magnetic fields and not by parallel electric fields localized in kinetic scale boundary layers. Thus, the model eliminates these boundary layers. However, although the parallel electric fields that develop around the magnetic x-line and associated separatrices are not important in producing energetic electrons, there is a large scale electric field that kickstarts the heating of low-energy electrons and drives the cold-electron return current that accompanies escaping energetic electrons in open systems. This macroscale electric field is produced by magnetic-field-aligned gradients in the electron pressure. We have upgraded kglobal to include this large-scale electric field while maintaining energy conservation.
I. INTRODUCTION
Solar flares convert magnetic energy into particle energy in the solar corona via magnetic reconnection 14, 15, 26 . From observations, we know that a significant fraction of the released energy during the reconnection event can go into accelerating energetic electrons, which form a suprathermal tail that takes the form of a power law distribution 14, 16, 22 . The plasma pressure from these nonthermal particles can be comparable to the pressure of the ambient magnetic field 23, 31 . Further, using observations from the Wind spacecraft in the distant magnetotail, Øieroset et al. 30 found energetic electrons in a broad region around the x-line rather than in narrow boundary layers that would be expected in laminar 2D reconnection models 7 . While the magnetotail and the solar corona are different environments, the Wind observations suggest that the mechanism responsible for accelerating the particles is not confined to boundary layers, but occurs throughout the region where magnetic energy release is taking place. Multiple x-line reconnection can potentially describe the diffuse distribution of energetic electrons seen in the Wind data as well as the large number of energetic electrons seen in flares 16, 29 . It is now well known that current sheets can spawn multiple x-lines in two and three-dimensional systems in the presence of a guide field 3,5,6,8 .
In the past, simulations that study flares have been based on PIC codes, magnetohydrodynamic (MHD) codes, or some combination thereof such as hybrid codes or MHD codes with an embedded PIC region 19 . However, explicit PIC models require that kinetic scales such as the Debye length be resolved. The Debye length is typically less than a centimeter in the solar corona yet the size of the flare itself can be up to ten orders of magnitude larger, a typical size being 10 4 km. Thus, using a PIC code to fully model a solar flare is computationally impossible. An MHD model, on the other hand, is not constrained by the need to resolve kinetic scales. However, since there are no particles in an MHD model, studying particle acceleration is not possible except by exploring the motion of test particles. While test particles can illuminate certain aspects of particle acceleration in solar flares, such as the primary mechanisms responsible for acceleration, there is no feedback of the energetic particles on the fields 20 . The particle energy can therefore run away. An embedded PIC code is an alternative but, since the energy release volume in flares is large and the region the particles are accelerated is also broadly distributed, the separation of scales problem still exists. Dahlin et al. 4 showed that Fermi acceleration, which occurs on macro scales, is the dominant driver of energetic electron production during reconnection 8,10 . Thus, we are developing a new computational model, kglobal, that takes advantage of this discovery to order out all kinetic scales that must be resolved in PIC codes and conserves energy by particle feedback on the fields 11 . This model has an MHD backbone, but also includes self-consistent feedback from particle electrons.
The process of magnetic reconnection leads to the formation of bent field lines whose tension drives an exhaust travelling at the upstream Alfvén speed 28 . Particles stream in along these bent, reconnected field lines which act like a moving wall and thus "kick" the particles which then increase in speed by twice the Alvén speed 9 . However, it is known that a large-scale parallel electric field (not localized in boundary layers) facilitates this process by confining electrons within the reconnection exhaust such that they undergo multiple The large-scale parallel electric field is obtained by combining the parallel momentum equations for the three species (ions, cold electrons and hot electrons) into a single equation
for the total parallel current. Because of constraints on this current, the driver of the current must be small and therefore can be set to zero, which yields a constraint equation
for the parallel electric field. The details of the calculation are shown in the Appendix. The resulting expression for the parallel electric field is given by
where m e is the electron mass, n c , n h , n i = n c +n h , v ||c , v h , and v i are the densities and flow speeds (parallel to the magnetic field) of the two electron species and the ions respectively, P c is the scalar pressure of the cold electron fluid, B is the magnetic field, b is a unit vector along B, and T h is the gyrotropic stress tensor of the hot electron particles, including their inertial contributions 11 ,
where I is the unit tensor, T eh is the stress tensor along the magnetic field B and P eh⊥ is the usual perpendicular pressure,
where in the frame drifting with v E = cE × B/B 2 there are no perpendicular flows so f = f (x, p e , p e⊥ , t). T eh includes the mean parallel drifts of the hot electrons,
with p e the hot parallel electron momentum with relativistic factor γ e . The normalizations for kglobal described in Drake et al. 
where κ = b · ∇b is the magnetic curvature and µ e = p In its most basic form this dynamic can be reduced to that of an electron acoustic mode, which can exist in plasmas with separate and distinct electron populations 17 . In the electron acoustic mode the electrons slosh back and forth on a short time scale so that the ions are practically stationary. Thus, we benchmark kglobal by simulating this process.
II. TESTING
Since electron acoustic waves only involve electron motion parallel to the magnetic field, the only non-zero gradients are along the magnetic field. Thus, the perturbed distribution function,f , of the hot electrons is only a function of v || and x || . We obtain
Similarly, by enforcing charge neutrality and taking the cold electron pressure from the constancy of P c /n 5/3 c , Eq. (1) becomes
By assuming that the unperturbed hot electron distribution function is a Maxwellian, we can solve Eq. (7) forf and take the moments to obtain the first order corrections to the hot electron density and pressure. After some algebra the dispersion function for the electron acoustic wave is:
where n 0c is the unperturbed density of the cold electrons (fluid), n 0h is the unperturbed density of the hot electrons (particles), T 0c is the unperturbed temperature of the cold electrons, T 0h is the unperturbed temperature of the hot electrons, ζ = ω/kv th , v th is the thermal speed of the hot electrons, and Z (ζ) is the derivative of the plasma dispersion function. Note that this result matches that of Gary and Tokar 17 in the long wavelength
De is the Debye length. For T 0c T 0h and n 0c n 0h the phase speed of the wave is small compared with v th and the mode is only weakly damped and has a characteristic frequency ω = kv th n 0c n 0h + 5 6
We numerically solved this equation for various values of the density and temperature ratios and obtained the frequency and decay rates of these waves. For each value of the two parameters, we initialized kglobal with a sinusoidal perturbation in the electron density and temperature and measured the corresponding frequencies and decay rates of the resulting disturbance. The results of the linear theory and the simulation results are plotted in In our final test we compare a simulation with kglobal to a simulation with the PIC code p3d 34 . We set up a simplified version of what we expect to see in a reconnection exhaust.
The initial conditions consist of a constant magnetic field, a constant density made up of 75% particle electrons and 25% fluid electrons, and a temperature profile for the particle Note that the phase speed is normalized to the thermal speed of the hot electrons and the damping rate is normalized to the time a thermal particle requires to travel one wavelength.
FIG. 2.
Profiles of the total electron temperature for the PIC code p3d (black), the kglobal code with the included parallel electric field (red) and without the parallel electric field (dashed red).
In panel (a) at t/t th = 0. In panel (b) at t/t th = 0.12 where t th is the time a hot thermal electron requires to travel the length of the box.
electrons that increases sharply in the center to twenty times the asymptotic value as can be seen in Fig. 2(a) . This value of the hot to cold electron density ratio was chosen to quicken the dynamics since we know from Fig. 1(b) that the larger the ratio the larger the damping rate. To convert this setup to a PIC version, we had to make sure that the smallest length scale in kglobal was much larger than the Debye length since this scale is not resolved in kglobal. Thus we equated the transition width between the two regions of hot and cold electrons to 30 times the Debye length.
In both simulations we utilized a large spatial domain in the parallel direction so there is space for the hot electrons to expand. A small domain in the perpendicular direction was included so that the data could be averaged over this direction to decrease particle noise. For kglobal we had a domain of 2048 x 64 cells and for p3d, 8192 x 64. In both simulations the electron to ion mass ratio was 1/1836 and the speed of light was 300 times the Alfvén speed.
For p3d a uniform background with constant density and a temperature corresponding to the cold electron fluid in kglobal was included along with an electron population with the same temperature profile as the hot species in kglobal. The results from these simulations are shown in Fig. 2 . The PIC simulation is in solid black, kglobal is in red, and the result from kglobal without a parallel electric field is in dashed red. We added the latter so we could determine how the addition of the parallel electric field influenced the dynamics. First, the temperature profiles from p3d and kglobal with E match very well over most of the domain. In contrast, the temperature in kglobal with E = 0 spreads much more rapidly,
demonstrating that E does inhibit electron thermal transport and that the the model for E in kglobal correctly describes transport suppression.
While kglobal is able to capture the overall dynamics of the temperature profile, it does not produce the short scale spatial oscillations seen in the p3d data. These oscillations are plasma waves driven unstable by a bump-on-tail velocity distribution that smooths out the plateaus in the temperature visible in the kglobal data around 0.3 < x/L 0 < 0.4 and 0.6 < x/L 0 < 0.7. Fig. 3 displays the distribution functions from p3d in black and from kglobal in red at x/L 0 = 0.25 at the time shown in Fig. 2 panel (b) . Note that for kglobal a Maxwellian with density and temperature equal to that of the cold electron fluid was added to the hot electron distribution function so that we could directly compare cuts to p3d.
There is a sharp dip visible in the velocity distribution from kglobal around v/C A = −30
that is not seen in the data from p3d. In the p3d simulation, the faster particles have lost energy to plasma oscillations and filled in this dip, forming a plateau in phase space. This result is not seen in the kglobal data because this model does not support plasma waves, which require a violation of charge neutrality to exist. Electron sound waves can be driven unstable by structures in velocity space, but the phase speed of these waves is fixed by the local plasma parameters (see Eq. (9)) and so will typically not be resonant with electrons in the bump region shown in Fig. 3 .
III. CONCLUSION
The kglobal code 11 has been upgraded to include a macroscale E that develops as a result of gradients in the plasma pressure parallel to the ambient magnetic field. The upgraded model now captures the dynamics of electron acoustic waves and accurately describes the suppression of transport of hot electrons parallel to the ambient magnetic field, a process that is important in the early phases of electron acceleration in magnetic reconnection 21 .
The inclusion of the large scale E is also important in describing the development of return currents that form as hot electrons escape from regions of electron acceleration in macroscale energy release events such as flares in the solar corona. This new capability combined with the ability of the model to describe the impact of pressure anisotropy on magnetic field dynamics (e.g., firehose instability), which is critical for describing the feedback of energetic particles on reconnection dynamics, suggest that the kglobal code can be used to accurately simulate nonthermal electron acceleration during magnetic reconnection.
Our next step is to begin to explore the energization of electrons during magnetic reconnection with kglobal and to determine whether the reconnection dynamics in a macroscale system can produce the power law distributions that are ubiquitous in observations 18, 27 . Because kglobal is a macroscale model, the dynamics of particle acceleration can be explored in a much larger domain than with a traditional PIC model. We can therefore include particle loss in a much more realistic manner to establish whether it is the balance between reconnection drive and the escape of energetic particles that produces powerlaw distributions 10 . In addition, in a macroscale simulation model the inclusion of a synthetic diagnostic to describe synchrotron emission and bremsstrahlung emission will be possible.
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Appendix: Energy Conservation
We start with the momentum equations for the three species, the ions
and the hot electrons
where ρ and v are the ion mass density and velocity, from charge neutrality n = n c + n h and the electron inertia has only been retained in the direction along the ambient magnetic field. In writing the electron momentum equations we have for simplicity assumed that the mean drifts of both species are not relativistic. The individual electron fluxes can be of order nC Ae while the ion flux is of order nC A . However, we show below that the total current is much smaller than the contribution from each species of particle and this yields a constraint on the total driver of the current. 
All of the terms on the right hand side of this equation act as drivers of J . However, the parallel current driven is constrained by the structure of the magnetic field which is produced by this current. This constraint follows from Ampère's law J ∼ cB/4πL, where L is the macroscopic characteristic perpendicular scale of the magnetic field. Comparing the time derivative of this current, given by c A /L, with the characteristic scaling of the terms on the right, e.g., the gradient of the hot thermal electrons, which scales as n h T h /m e L, we find that the ratio of the left to the right side of the equation scales like m e /m i (d e /L) 1. Thus, the time derivative of the current can be discarded. This tells us that A further consequence of this result is that the sum of the fluxes of the two electron species is limited to a scale of the order of the ion flux. The consequence is that when the three momentum equations are summed, the electron inertia arising from the time derivative can be discarded, which yields the ion momentum equation, 
